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INTRODUCTION
Anthropometric measurements provide essential information regarding body composition in children. They may also herald the presence of cardiovascular risk factors already in childhood as demonstrated in previous studies. [1] [2] [3] Thus, a more sophisticated approach to assess body composition early in childhood may improve the prediction of cardiometabolic risk. 4 Efforts to obtain detailed information on body composition in children have been impeded by two factors. First, an optimal method for precise assessment of body composition is not available. There are accurate laboratory methods for the analysis of total and abdominal fat, like dual energy X-ray absorptiometry, magnetic resonance imaging or underwater weighing but their routine use for screening purposes is limited. 5, 6 Traditional field anthropometric measurements are much cheaper and relatively easy to perform, but less precise. Second, the correct interpretation of the obtained results on both individual and population level is hampered by the lack of appropriate reference data 7 according to sex, age and ethnicity. The assessment of body composition and body fat distribution is complex in children as the continuous growth and development leads to marked changes in circumferences, skinfold thicknesses 8, 9 and fat distribution.
BMI is the most widely used indicator for screening of excess adiposity and cardiometabolic risk, 10, 11 although its limitations, especially in growing children, are well established. 12 Internationally accepted body mass index (BMI) reference values are available. 13 For this reason, we provide BMI reference curves only for the sake of comparability between our study and other published data.
BMI does not distinguish between fat and lean body mass, which might provide misleading information concerning body composition. There is a high variability in body fat for a given BMI in children. 14 The limitations of BMI can be partly overcome by the measurement of other anthropometric parameters and indices. For the assessment of total body fat, skinfold thicknesses, 15, 16 neck circumference (NC) 17 and fat mass index (FMI) 7 can be used. Measurement of abdominal fat, waist circumference (WC), [18] [19] [20] [21] [22] [23] or waist-to-height ratio 24 is recommended to improve the assessment of cardiometabolic risk.
For such anthropometric measures, reference charts have been developed for specific populations like North Americans, 25 Canadians 26 and Australians, 27 which may not be suitable for European children. In Europe, only national standards exist, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] which may not be applicable on a European level.
The main goal of the present investigation is to provide reference standards of body composition measures allowing a differentiated assessment of body composition, that is, total and abdominal fat, in European children. Percentile curves were calculated using the General Additive Model for Location Scale and Shape (GAMLSS). 28, 29 
SUBJECTS AND METHODS

Study subjects
A cohort of 16 228 children aged 2-9 years was examined in a populationbased baseline survey in 16 study regions in eight European countries (Sweden, Germany, Hungary, Italy, Cyprus, Spain, Belgium, Estonia) ranging from North to South and from East to West from autumn 2007 to spring 2008. This baseline survey (T 0 ) was the starting point of the largest prospective European children's cohort established to date. This cohort and additional 2517 children aged 2.0-10.9 years who were newly recruited during a second survey (T 1 ), 2 years later, comprise the study sample of the present analysis, which means that only one measurement per child was included in our analyses. Exactly the same examination modules were deployed at baseline (T 0 ) and at follow-up (T 1 ), but only the entry measurement was considered in case of children who participated in both surveys. In addition to the signed informed consent given by parents, each child was asked to give verbal assent immediately before examination. All measurements were approved by the local Ethics Committees. 30, 31 Overall 18 745 2.0-10.9-year-old children took part in the study. BMI categories were defined according to IOTF 13 to classify overweight, obese and underweight children (N = 5915, 31.6%) who were excluded, leaving 12 830 normal weight children for the analysis. The number of children with BMI measurements and the exclusion criteria are exemplarily illustrated in Figure 1 . Table 1 summarises the sample size for each measurement stratified by sex and by the eight participating countries. As the children were free to opt out of any module of the examination protocol, the number of children providing anthropometric measurements varied for the different measurements, due to different acceptance proportions for each measure (see also Table 1 ). In addition, not all skinfold measurements were compulsory elements of the examination protocol (see below). Thus, the number of children with all four skinfold measurements is smaller than the number of children for whom the compulsory skinfolds were measured. Only very minor differences were observed comparing the group of children with all four skinfold measurement with the normal weight study population with respect to mean age, sex distribution and distribution of ISCED (International Standard Classification of Education) level where the maximum level of both parents was considered. The distributions of the triceps and subscapular skinfolds did not change significantly if they were calculated from the data of the smaller sample where all four skinfolds were measured.
Anthropometric measurements
All anthropometric measurements were carried out by trained research assistants according to the IDEFICS study protocol. The intra-and interobserver reliability assessment of the anthropometric measurements was considered as good to very good. For details, we refer to the paper recently published by Stomfai et al. Sample size also for fat mass index.
Weight was measured using an electronic scale (Tanita BC 420 SMA, Tanita Europe GmbH, Sindelfingen, Germany) to the nearest 0.1 kg. The children wore only an underwear and a T-shirt. Height was measured barefooted, using a telescopic height measuring instrument (Seca 225 stadiometer, seca, Birmingham, UK) to the nearest 0.1 cm. Skinfold thickness (mm) was measured twice on the right side of the body to the nearest 0.2 mm with a skinfold calliper (Holtain, range 0-40 mm, Holtain Ltd, Pembrokeshire, UK). Skinfold measurements were taken at the following sites: (1) triceps, halfway between the acromion and the olecranon process at the back of the arm; (2) biceps, at the same level as the triceps skinfold, in the line of the centre of the cubital fossa; (3) subscapular, about 20 mm below the tip of the scapula, at an angle of 45°t o the lateral side of the body; (4) suprailiac, about 20 mm above the iliac crest and 20 mm towards the medial line. In the survey, measurements of triceps and subscapular skinfolds were compulsory for each survey centre, whereas those of biceps and suprailiac were optional (see Table 1 ). Circumferences (cm) were measured once with an inelastic tape (Seca 200), precision 0.1 cm, range 0-150 cm, with the child in a standing position. Circumference measurements were taken at four sites: arm, waist, hip and neck. 32 NC was measured when the child stood upright, head being in Frankfort plane, 33 and with the arms at the sides and feet together. The tape was placed around the neck at a point just above the larynx and perpendicular to the long axis of the neck. The measurement of WC was obtained in upright position with relaxed abdomen and feet together, midway between the lowest rib margin and the iliac crest to the nearest 0.1 cm.
Calculation of anthropometric indices
BMI was calculated dividing the body weight in kilograms by the square of body height in metres. Waist-to-height ratio was computed dividing WC by height, both in centimetres.
Body fat mass
Biceps, triceps, subscapular and suprailiac skinfolds were added up to calculate the sum of skinfolds. For the calculation of body fat mass (BFM) from skinfolds, several equations exist worldwide [34] [35] [36] [37] [38] [39] [40] [41] [42] for adults and children. Slaughter's equations 39 are preferred for predicting BFM in children. [43] [44] [45] [46] Besides their wide acceptance Slaughter's equations also have the advantage of requiring only two anthropometric measures.
We applied these formulas using the sum of subscapular (mm) and triceps (mm) skinfold thicknesses (x) for boys as follows 
Statistical analysis
We calculated percentile curves of the anthropometric measures as a function of age (continuous) stratified by sex using GAMLSS. The GAMLSS method is an extension of the LMS method that models three parameters depending on one explanatory variable: the median (M) of the outcome variable is modelled depending on one explanatory variable and the coefficient of variation (S) accounts for the variation around the mean and adjusts for nonuniform dispersion, whereas the skewness (L) accounts for the deviation from a normal distribution using a Box-Cox transformation. The GAMLSS method is able to particularly model the kurtosis using other distributions and to include more than one covariate. We used the gamlss package (version 4.2-6) of the statistical software R (version 3.0.1). Different distributions, that is, the Box-Cox power exponential, the Box-Cox t or the Box-Cox Cole and Green distribution were fitted to the observed distribution of the anthropometric outcome variables. Moreover, the influence of age (continuous) on parameters of the considered distributions was modelled either as a constant, as a linear function or as a cubic spline of the covariate. Goodness of fit was assessed by the Bayesian Information Criterion and Q-Q plots to select the final model including the fitted distribution of the anthropometric outcome variable and the influence of covariates on distribution parameters. 28, 29 Worm plots 47, 48 were used as a diagnostic tool to assess whether adjustment for kurtosis was required. The chosen GAMLSS in boys and girls are listed in Table 2 , for example, the final model for waist-to-height ratio in boys consists of a Box-Cox t distribution, where the four parameters were modelled as follows: the location parameter μ as a cubic spline, the scale parameter Figure A) . Our curves showed a BMI rebound between 5 and 6.5 years of age for girls and boys. Skinfolds Girls showed higher skinfold thicknesses than boys. All skinfolds showed a positive trend with age in girls. In boys this trend was slightly negative until the age of 5-6 years and positive thereafter (Supplementary Tables B-E 
and Supplementary Figures B-E).
Biceps skinfold The 50th and 99th percentiles of biceps skinfolds in 4.5-to < 5.0-year-old girls were 5.7 and 10.8 mm, and in boys 5.1 and 9.2 mm. The corresponding percentiles at the age of 10.5-10.9 years were 6.2 and 14.1 mm in girls and 5.3 and 19.8 mm in boys, respectively.
Triceps skinfold In 4.5-to < 5.0-year-old girls and boys, the 50th and 99th percentiles were 10.7 and 17.1 mm and 9.2 and 15.1 mm, respectively. At the age of 10.5-10.9 years, the corresponding percentiles were 13.1 and 26.6 mm in girls and 10.5 and 24.6 mm in boys.
Subscapular skinfold For subscapular skinfolds, the 50th and 99th percentiles in 4.5-to < 5.0-year-olds were 6.1 and 11.1 mm in girls and 5.5 and 9.6 mm in boys, respectively. At the age of 10.5-10.9, in girls, the corresponding percentiles were 7.6 and 20.3 mm; in boys, they were 6.2 and 14.8 mm, respectively.
Suprailiac skinfold
The 50th and 99th percentiles in 4.5-to < 5.0-year-old girls and boys were 5.6 and 13.3 mm and 4.6 and 10.5 mm, respectively. At the age of 10.5-10.9 years, these percentiles were 7.1 and 27.8 mm in girls and 6.2 and 20.2 mm in boys.
Sum of skinfolds
The sum of skinfolds showed a positive trend with age in girls, whereas in boys there was a slight negative age trend until the age of 6 years, followed by a positive trend thereafter (Table 3 and Figure 2 ). The 50th and 99th percentiles at the age of 4. 
Fat mass index
The smoothed percentile curves of FMI for girls and boys are shown in Table 4 ; Figure 3 . FMI showed a continuously negative age trend both in girls and boys, the latter having constantly lower values. However, in boys a slight increase in the upper percentiles (97th and 99th) was observed from the age of 9.5 years onwards. The 50th and 99th percentiles in 4.5-to < 5.0-year-old children were 13.8 and 20.7 in girls and 12.0 and 18.9 in boys; and 9.6 and 16.1, and 7.9 and 16.0 in 10.5-10.9-year-old girls and boys, respectively.
Waist circumference WCs showed a positive trend with age with slightly higher values in boys than in girls (Table 5 and Figure 4) . The 50th and 99th percentiles of WC ranged from 50.7 and 59.2 cm and 51.3 and 58.7 cm in 4.5-to < 5.0-year-old girls and boys, respectively to 60.6 and 74.5 cm in girls and to 59.9 and 76.7 cm in boys at the age of 10.5-10.9 years.
Waist-to-height ratio
The waist-to-height ratio showed a declining trend by age in both sexes (Table 6 and Figure 5 ). In terms of percentiles there was no major difference between the sexes. The 50th and 99th percentiles of waist-to-height ratio in the age group 4.5 to < 5.0 years were 0.47 and 0.52 in girls and 0.47 and 0.53 in boys, whereas in the age group 10.5-10.9 years the 50th and 99th percentiles of waist-to-height ratio were 0.42 and 0.51 in girls and 0.42 and 0.50 in boys.
Neck circumference
The age-dependent changes in the percentiles in boys and girls are illustrated in Table 7 and Figure 6 . The values showed a positive trend until the age of 8.5 years in both sexes, then the curves levelled off. The 50th and 99th percentile values in 4.5-to < 5.0-year-old girls were 24.7 and 27.9 cm, in boys the corresponding values were 27.6 and 28.8 cm. At the age of 10.5-10.9 years, the 50th and 99th percentile values were 27.6 and 31.1 cm in girls, while in boys the values were 28.8 and 31.8 cm.
The percentile curves of the examined anthropometric variables including underweight, overweight and obese children and the corresponding tables are available online (Supplementary Figures  G-Q, Supplementary Tables G-Q) . In addition, the sample sizes for the total population analogously to Table 1 and the fitted models analogously to Table 2 are available online (Supplementary Tables  R and S) .
DISCUSSION
The present paper provides age-and sex-specific reference percentiles for standard anthropometric parameters and indices 49 'To avoid the influence of unhealthy weights for length/height, observations falling above +3 s.d. and below − 3 s.d. of the sample median were excluded before constructing the standards. For the cross-sectional sample, the +2 s.d. cutoff (that is, 97.7 percentile) was applied instead of +3 s.d.'. Only children receiving optimal feeding practice and living in a supporting environment were eligible.
In addition, we would like to stress that this approach is similar to the approach used when the results of longitudinal follow-up surveys and panel studies (FELS, NHANES) are compared with those reference standards obtained at the beginning of the survey, thus avoiding the cohort effect of growing obesity epidemic. By restricting our sample to the normal weight population, we expand this approach. As reference values are expected to reflect as much as possible the biological variation in a disease free population, it was a logical methodological consideration to exclude underweight, overweight and obese individuals from the analysis group. Figure 7 exemplarily demonstrates how the inclusion of overweight and obese children shifts the percentile values of waist circumference (especially in the higher percentile range) grossly upwards, indicating that the restriction of the sample to normal weight children was a logical decision. There are numerous national anthropometric reference values for WC, 18, [20] [21] [22] [23] [24] 50 waist-to-height ratio, 51 skinfold thicknesses, 15, 16, 52 sum of skinfolds, 53 BFM 54,55 and FMI. 7, 56 As these data are based on samples including underweight, overweight, as well as obese children, they cannot be directly compared with our results. Due to the restriction of our sample to normal-weight children, generally the upper percentiles of the present study tend to fall below those of above-mentioned reference studies whereas the lower percentiles tend to exceed them.
The few papers investigating normal-weight children's anthropometric data were focusing on neck and WCs.
Waist circumference
In adults, WC is widely used as a surrogate of central fat distribution, but in children it may be influenced by growth and puberty, reducing its accuracy in estimating visceral adipose tissue. 57 Brambilla et al. 57 assessed the relationship between anthropometry and visceral adipose tissue and subcutaneous adipose tissue as measured by magnetic resonance imaging in children aged 7-16 years. They found that WC can be considered a good predictor of abdominal adiposity referring to its relationship with visceral adipose tissue measured by magnetic resonance imaging, one of the most precise methods of assessing visceral adiposity.
Mellerio et al. 58 established percentile reference data of WC for 7-20-year-old (N = 1976, 1004 female and 972 male participants) healthy children and young adults in France. Their noninclusion criteria were rather similar to those used in this examination. Individuals with obesity or at least grade 2 thinness were excluded. The following percentile values were estimated based on their graphical presentation. The 50th and 90th percentiles were 55.0 and 62.0 cm in 8.0-to < 8.5-year-old girls and 57.0 and 64.0 cm in boys, respectively. In our population, the 50th and 90th percentiles were 55.5 and 60.8 cm in girls and 56.3 and 61.2 cm in boys of the same age. The observed differences between the studies may be due to that overweight children were not excluded in the French study. The positive trend with age is similar in the two studies and the WC was lower in girls than in boys in both studies.
A study conducted in Turkey measured WC of 7-17-year-old children (N = 4770, 2433 boys, 2337 girls). 20 In this study children exceeding the 97th percentile of body weight were excluded (that is, only obese), but in contrary to our study, underweight children remained included. In both age strata and both sexes, our 50th percentile values are higher whereas our 90th percentiles are lower as compared with the Turkish study with the exception of 10-year-old boys where the 50th percentile is also lower in our study. In both studies the WC was lower in girls than in boys. The magnitude of difference in the 90th percentile values ranged from 0.4-1.4 cm in girls and from 1.9-4.7 cm in boys. The differences can be explained by the different exclusion criteria (overweight children were included and underweight children were not excluded from the Turkish study).
Fernandez et al. 59 established reference values for WC in European-American children, underweight, overweight and obese children were not excluded from this sample. In girls, both the 50th and 90th percentile values of WC were lower in the IDEFICS sample as compared with the European-American population. The largest difference was 10.9 cm in the 90th percentile value at the age of 11.
In boys, with the exception of the 50th and 90th percentile, values were lower in the IDEFICS population. The maximum difference (14.9 cm) was observed at the age of 11 for the 90th percentile value. From this comparison it becomes obvious that the European-American WC values should not directly be applied to a European population. Neck circumference NC can be an additional measure to identify children with overweight and obesity as suggested by Nafiu et al. 60 Hatipoglu et al., 61 validating the NC against WC and BMI, also reported that the NC is an easy way to determine overweight and obesity in children, demonstrating good correlation with cardiovascular risk markers. NC has advantages over WC. Especially busy primary care settings can benefit from the omission of the need to undress. Moreover, NC is not influenced by pre-and postprandial effects. 59 NC was measured in 5841 6-18-year-old children in Turkey during 2008 to 2009. 17 Children below the 3rd and above the 97th percentile of body weight were excluded from the analysis. The 50th and 90th NC values showed little differences between the two studies with slightly higher values in the IDEFICS sample, except the 90th percentile value of girls, which was 0.6 cm higher in the Turkish sample. The largest difference between the two studies was 6.5% in boys and 6.3% in girls.
Height, weight and BMI are pragmatic measures to screen for obesity or underweight and to assess the nutritional status of children, for example, with regard to stunting and wasting. To overcome the well-known limitations of BMI, additional anthropometric parameters and indices referring to body fat content and distribution are also recommended. To the best of our knowledge, such standards for European children have not been published so far. The main strengths of our study are the size of the cohort and the wide geographical scope covered. In addition, the most meticulous standardization of measurements and subsequent procedures for quality control were applied. The general limitations of the IDEFICS study were extensively discussed in a previous paper. 31 Here we discuss those which might be relevant to the present paper. The participation proportion was just above 50% and a non-response bias towards higher or lower social classes might be present. Socioeconomic factors influence the prevalence of obesity and thinness, but obese and underweight children were excluded from our analysis, therefore this limitation should not have a major effect on our results. Pubertal stages were not assessed. Some of the older children may have entered puberty at the time of their examination. Body composition changes during puberty but since we wanted to provide age-specific reference values for the whole population non-consideration of pubertal development is a strength rather than a limitation.
CONCLUSION
The presented reference values may improve the interpretation of anthropometric measurements in the context of routine medical practice. The measurement of skinfold thickness, sum of skinfolds, BFM, waist and neck circumference, and the calculation of FMI and waist-to-height ratio may refine the individual evaluation of the nutritional status of children, and serve as a useful tool for public health screening with regard to European children. They may also allow comparisons of future national and international epidemiological studies, as well as the prevention and recognition of malnutrition, overweight and obesity at an early age.
